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I. INTRODUCTION 
Diffusion bonding is a metallurgical joining technique 
that allows materials to be bonded together in near net shape. 
The formation of the bond is achieved by bringing two free 
surfaces into intimate contact so that diffusion across the 
interface occurs (1). This contact is made by using a bonding 
pressure that is low relative to the yield strength at a 
temperature of 0.5 to 0.8 of the absolute melting point (2) to 
provide sufficient thermal energy for diffusion to occur. 
A. Diffusion Bonding of Similar Materials 
With the above processing parameters, this technique has 
been found to be useful in practice to bond similar materials 
as tight process control is available (3). In this case, the 
material on either side of the diffusion bond line is the 
same. One of the best examples are diffusion bonds in Ti-6A1-
4V, in which case critical pieces have been fabricated such as 
helicopter rotor hubs (1). Parts of the skin on the fuselage 
of aircraft are diffusion bonded together to reduce the number 
of individual parts and the overall weight of the aircraft 
(4). Some missiles have had outer skin components fabricated 
by diffusion bonding (1). 
Even though the process control can be easily maintained 
and a limited theoretical understanding of the process does 
exist (5,6), the possibility still exists that defects will be 
present in the bond line. The detection of these defects is 
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of utmost importance to quality control since these defects 
will control the resulting strength of the samples. 
There are three broad categories of defects that can be 
left at the bond line due to incomplete or improper diffusion 
bonding. Voids present at the bond line are the most common 
and the ones most heavily studied nondestructively (7-12). 
Contamination of the bond line is a serious defect and its 
effect on NonDestructive Evaluation (NDE) has been evaluated 
(7,12). A third category of defects is the "kissing bond" 
which has been found to be difficult to detect (13,14). 
These three defects arise from the following bonding 
conditions. The elimination of surface asperities due to the 
surface preparation prior to bonding is essential to attain 
full interfacial contact along the bond line (5,6). When 
these asperities are not eliminated, voids are left at the 
bond line which can be interrogated by an ultrasonic beam to 
determine the resulting mechanical properties (7-12). In 
general, voids can be detected easily and do not pose a 
serious NDE problem. 
In contrast, contamination is a very serious problem. It 
arises when an element or compound is present at the bond line 
that inhibits the diffusion of atoms across the interface 
resulting in a relatively weak bond (7,12). The contaminant 
can be present within the material itself and diffuse to the 
originally free surface or it can be present in the atmosphere 
under which bonding is occurring. Since the two originally 
free surfaces can come into intimate mechanical contact due to 
creep, the presence of these contaminates can make ultrasonic 
detection extremely difficult (7,12). 
A "kissing bond" may develop when sufficiently high 
pressures are used for diffusion bonding thus forcing the 
interface faces into mechanical contact which eliminates the 
asperities (13,14). This, however, does not guarantee that 
the mechanical properties will be optimized. It is easily 
imaginable that at sufficiently high pressures to cause 
plastic flow to occur, insufficient temperatures and/or time 
will not allow diffusion to occur across the interface to form 
the bonds needed to achieve significant strength. The 
detection of these "kissing bonds" is an important objective 
and a goal of ongoing studies (14). 
It can be seen from this brief review of diffusion 
bonding of similar materials that many considerations of the 
bonding operation must be taken into account. At the present 
time, with sufficient understanding of the metallurgical 
effects occurring at the bond line and careful destructive and 
nondestructive investigation (to aid in formulating changes in 
the bonding parameters), diffusion bonds with 100 percent 
parent metal strength can be fabricated. Note, however, that 
the elimination of voids at the bond line does not guarantee 
that parent metal mechanical properties will be achieved (7). 
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B. Diffusion Bonding of Dissimilar Materials 
Any such investigation as alluded to above is even more 
complicated for diffusion bonds of dissimilar materials. 
Their complexity is, in part, determined by the equilibrium 
phases generated in the interdiffusion region. There is a 
driving force for interdiffusion to take place across the 
interface as a chemical potential gradient exists due to the 
change in composition across the bond line (15). It has been 
shown that the amount of interdiffusion present at the bond 
line controls the resulting sample strength (16). In 
addition, the three principal defect types, mentioned earlier, 
certainly complicate matters. 
Examples of the use of diffusion bonds of dissimilar 
materials are found in nuclear power reactors where uranium 
fuel elements are made by bonding aluminum to uranium with a 
nickel barrier between the two materials to prevent formation 
of brittle intermetallics (4). Seal discs for pressurized 
heavy water nuclear reactors have been made using nickel 
bonded to stainless steel (17). This processing scheme has 
been found to be more reliable than an earlier method where 
nickel was electroplated onto the stainless steel. 
When dissimilar materials are joined in this manner some 
new concerns arise. If the parts are used in service where 
sufficient temperature is present over extended times, the 
amount of interdiffusion will change and the possibility 
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exists that Kirkendall porosity could form that would have a 
drastic effect on the mechanical properties (15). Also, any 
joint between dissimilar materials is a preferential site for 
corrosion attack which would be of concern throughout service 
(18). 
Depending upon the materials present on either side of 
the bond line, these diffusion bonds can be classified into 
three broad categories (16). This classification is based on 
the thermodynamic mutual solubility between the two species. 
The first category is of the solid solution type. This is 
well typified by the CurNi system which exhibits complete 
solid solubility. In this case, the initial increase in 
strength with increasing bonding temperature of the sample 
corresponds to elimination of defects at the bond line. 
Further increases in strength of the samples occur by solid 
solution strengthening in the bonded region due to the 
interdiffusion of the two species. 
If the two species exhibit only limited solubility in 
each other, a second category arises. An example of such a 
diffusion bond is given by the Cu-Ag eutectic system. Again 
the initial increase in bond strength is due to elimination of 
bond line defects. Increases in bond strength with increasing 
bonding temperature were found to be less pronounced than for 
the solid solution case discussed above (16). 
The third category is of the intermetallic compound type. 
This type of diffusion bond is found for material couples that 
form intermetallic compounds upon interdiffusion of the two 
species. A system exhibiting this type of compound formation 
was Fe-Al (16) which forms the FeAlj intermetallic. It was 
found that once elimination of the bond line defect occurred, 
a drastic decrease in strength occurred due to the formation 
of the brittle FeAlj intermetallic at the bond line. 
Similar types of bond formation have been considered in 
the production of metal-metal matrix composites. Three 
classes of interfaces have been proposed for the fiber-matrix 
interaction (19) which include a classification where the 
fiber and matrix are insoluble and nonreactive so far not 
considered to be of any value in the formation of diffusion 
bonds. 
C. Research Objective 
Due to the large body of knowledge amassed on diffusion 
bonds of similar materials, both metallurgically and 
nondestructively, work was undertaken to investigate diffusion 
bonds of dissimilar materials correlating their strength, 
ultrasonics and metallurgical phenomena. Several sets of Cu-
Ni diffusion bonds were fabricated to produce a wide variety 
of bonds with different properties. A main thrust of this 
work was to find a nondestructive evaluation method which 
provides a correlation of the ultrasonic response to the 
strength of the bonds produced. Cu and Ni were chosen as this 
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system exhibits complete solid solubility which yields the 
simplest metallurgical, system if the two parent metals are 
chemically different. 
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II. EXPERIMENTAL PROCEDURE 
A. Sample Preparation 
Three sets of diffusion bonds of dissimilar materials 
(Cu-Ni) were produced for this study. The materials 
(commercial purity) and bonding conditions for these samples 
are shown in Tables I through III. Note that for the latter 
samples fabricated, Ni 200 was substituted for Ni 201 and that 
a new stock of Cu 101 was used. Due to this the base grain 
size changed from relatively small (s) to large (1) for both 
base materials. Ni 201 is purer than Ni 200, mainly due to 
carbon content (Ni 201 « 0.2 wt% C, Ni 200 » 0.3 wt% C) . 
However, this difference is inconsequential in the present 
experiments (20). These samples can be classified into two 
broad categories. The first set produced can be considered a 
base matrix consisting of nine samples. The remainder of the 
samples, as listed in Tables II through III, are subsets of 
the base matrix with various permutations on the bonding 
parameters to determine effects on the diffusion bonding 
kinetics. 
Diffusion bonds of similar materials (Cu-Cu) were studied 
to justify a new data analysis technique. These samples were 
fabricated and tested in a previous project (21). The bonding 
conditions for these samples are shown in Table IV. 
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Table I. Base matrix bonding conditions 
Sample 
No. 
Temp. 
(° C) 
Time 
(hr.) 
Bonding 
a (MPa) 
Cu discs Ni discs 
1 500 0.25 18.8 Cu 101® Ni 201® 
2 500 1.00 18.8 Cu 101® Ni 201® 
3 500 4.00 18.8 Cu 101® Ni 201® 
4 575 0.25 18.8 Cu 101® Ni 201® 
5 575 1.00 18.8 Cu 101® Ni 201® 
6 575 4.00 18.8 Cu 101® Ni 201® 
7 650 0.25 18.8 Cu 101® Ni 201® 
8 650 1.00 18.8 Cu 101® Ni 201® 
9 650 4.00 18.8 Cu 101® Ni 201® 
® = small grained 
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Table II. 1st subset bonding conditions (to confirm 
experimental results) 
Sample 
No. 
Temp. 
(° C) 
Time 
(hr.) 
Bonding 
a (MPa) 
Cu discs Ni discs 
10 500 4.00 18.8 Cu lOli Ni 200^ 
11 575 4.00 18.8 Cu 101^ Ni 200^ 
12 650 4.00 18.8 Cu 101^ Ni 200^ 
^ = large grained 
Table III. 2nd subset bonding conditions (reduced 
pressure) 
Sample 
No. 
Temp. 
(° C) 
Time 
(hr. ) 
Bonding 
a (MPa) 
Cu discs Ni discs 
13 500 4.00 13.3 Cu 101^ Ni 200^ 
14 575 4.00 13.3 Cu 101^ Ni 200^ 
15 650 4.00 13.3 Cu lOl' Ni 200^ 
' = large grained 
Table IV. Cu-Cu diffusion bonds (21) 
Sample No. Temp. (° C) Time (hr.) Pressure (MPa) 
16 500 4.00 13.3 
17 600 0.25 13.3 
18 600 1.00 13.3 
19 600 4.00 13.3 
The base matrix consisted of Ni discs of 2 3 . 8 8  mm diam. 
by 1 3 . 9 7  mm high bonded to Cu discs of 2 5 . 4  mm diam. by 1 3 . 9 7  
mm high. The Cu and Ni disc height was held constant at 1 3 . 9 7  
mm (± 0.18 mm) so as not to skew any ultrasonic result that 
was dependent on path length. The Cu and Ni used for this 
study were obtained in rod form of commercial purity (see 
Table I-III). The base matrix Ni rod had a diam. of 31.75 mm 
and was rod rolled to approximately 25.4 mm diam. and then 
swaged to retrieve the original rod form resulting in the 
final diam. of 2 3 . 8 8  mm. The Ni was then heat treated at 8 0 0  
°C for 1 hr under vacuum to remove the cold work. 
The subsequent subsets had the same geometry as the first 
with the exception that the Ni was received in rod shape 
having a diameter of 25.4 mm and was of commercial purity (Ni 
200). This material was also heat treated exactly as above 
since it was received in the cold worked state. 
Prior to loading the diffusion bonding apparatus, the Ni 
and cu discs were prepared as follows. The faces of the 
samples were polished through 400 grit Sic paper. The sample 
height was then measured with a micrometer to ensure that all 
discs were the same height to within 0.18 mm. The parallelism 
of the samples was also checked at this time by measuring 4  
points on the sample arbitrarily defined by the major cardinal 
points of the compass. At this time, any sample having a 
slope- greater than 0.002 (0 = 0.115*) was rejected. The 
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samples were then polished through 600 grit followed by 
another 600 grit polish on a wheel to produce a random 
roughness on the surface. Additionally, the Cu surface was 
chemically polished using a solution made up of 55% HjPO^, 25% 
CHjCOOH, and 20 % HNOj. All samples were then ultrasonically 
cleaned in methanol. 
Roughness measurements of the surfaces to be bonded were 
performed on the base matrix of samples (Table I). A Sloan 
Dektak surface profilometer was used to make two measurements 
of the surface roughness. First, a gross roughness 
measurement was taken to double check the parallelism (as 
defined previously) of the faces on three scans performed on 
the samples at 120° intervals across the diameter. Finally, 
to determine the rms roughness of the sample, a scan was 
performed across a random diameter. The rms roughness was 
found to be uniform for the samples tested and will not be 
mentioned further. 
The samples were then loaded into the diffusion bonding 
rig. As mentioned previously, the discs were put in holders 
such that the faces were held apart. Mineral oil was used on 
the metal faces of the seal to aid in closing the system. The 
system was then closed and pumped to a vacuum of 10 torr. By 
backfilling with high purity argon and evacuating a series of 
times, the system was considered to be as clean as possible. 
Finally, the system was filled with hydrogen gas which was 
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kept flowing under a slight positive pressure to keep the 
faces free of oxide. The diffusion bonding rig was then 
heated to the desired temperature. At the desired 
temperature, the gas flow was halted and the faces of the 
sample were brought into contact. The desired bonding 
pressure was achieved using a hydraulic hand pump, spring 
loaded piston and a digital pressure gage. (The hydraulic 
system was calibrated from time to time by using an Instron in 
compression.) At the appropriate time, the pressure was 
released and the furnace turned off and the sample cooled to 
room temperature. A typical temperature-pressure versus time 
history for a sample is shown in Fig. 1. 
Cu-Cu diffusion bonds used in this study were fabricated 
in the same manner as that described for the Cu-Ni diffusion 
bonds (21). 
B. Ultrasonic Characterization 
1. Reflection Coefficient Measurements 
Reflection coefficient (R) measurements were made on the 
samples as the frequency dependence of the reflection 
coefficient yields information about the defects, if any, 
and/or microstructure at the bond line (8,9,14,22-28). An 
increase in R with frequency is indicative of the presence of 
voids and disbonds (8,9,14,22-24). A frequency independent R 
value indicates a perfect interface (25). Decreasing R values 
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Temperature 
Pressure 
1111111 i 111J1111111J111J 
200 400 600 
Time (min.) 
I I I I I I I I I I I I I I I I I I I I 
8Ô0 1000 
Fig. 1. Typical thermal and pressure history for the samples 
used in this study (Conditions shown are for a 
sample fabricated at 650 °C for 4 hrs. at a bonding 
pressure of 18.8 MPa) 
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with increasing frequency is attributed to microstructural 
changes occurring at or near the bond line (26-28). 
These measurements were made by focusing a 10 MHz broad 
band transducer on the bond line. This focusing was done by 
maximizing the reflected amplitude of the bond line echo. The 
transducer had a band width of 1-15 MHz and a focal length of 
101.6 mm in water. By controlling a steppermotor and 
oscilloscope by a POP 11/23 computer, the sample was scanned 
along six diagonals of the sample separated at 30° intervals. 
A block diagram of this data acquisition system is shown in 
Fig. 2. The bond line echo was captured in a 2 ^s window 
containing 256 points. 10 rf traces were averaged prior to 
storage of the wave in the computer. This occurred at 0.762 
mm intervals on a 30.48 mm scan. Typical bond line echoes 
from both the Cu and Ni sides are shown in Fig. 3. A saw slot 
was then introduced above the bond line to simulate a perfect 
reflector against which the bond signal could be deconvolved 
in the frequency domain. The perfect reflector had a Q filter 
applied to it. This allowed experimental values of the 
reflection coefficient to be determined as a function of 
frequency for the positions scanned. This also allowed 
material influences such as grain attenuation to be eliminated 
as both the bond line and perfect reflector contain this 
information. A contour map of the reflection coefficient for 
the samples was fabricated using a contouring package 
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WATER TANK SAMPLE 
STEPPER MOTOR 
Fig. 2 Block diagram for 10 MHz data acquisition system 
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Fig. 3. Typical bond line echoes taken from sample No. 9 
from (a) the Cu side and (b) the Ni side 
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developed at Ames Laboratory. A microvax along with a 
postscript printer was used to produce the map. It was 
determined that the overall noise in the reflection 
coefficient measurement was found such that the accuracy in 
differentiating between good bonds of slight mechanical 
property changes was about ± 0.02 (21). For values of the 
reflection coefficient above 0.02 the standard deviation is 
found to be ± 0.01. 
Since the reflection coefficient was measured from both 
sides of the dissimilar diffusion bonds produced, this allowed 
for the evaluation of a symmetric-asymmetric reflection 
coefficient. This analysis was put forward by Nagy and Adler 
(28) and is relatively straightforward to implement. The 
measured reflection coefficients from both sides of the sample 
are measured and labelled (Ni) and Rg (Cu) . The asymmetric 
reflection coefficient, due only to the impedance mismatch, is 
given by 
& = ») 
The symmetric reflection coefficient, due to the presence of 
defects at the bond line, is determined by 
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The nature of this analysis technique can be seen in Fig. 4 
where the asymmetric and symmetric reflection coefficients are 
shown. 
2. Total Reflected Energy 
In order to increase the signal to noise ratio, the total 
reflected energy from the bond line was determined by making 
use of Parseval's theorem (29) which results in a total 
reflected energy measurement. Two different data acquisition 
systems were used to evaluate the total reflected energy from 
the bond line. The 10 MHz system as described above was used 
to evaluate the total reflected energy from six waves centered 
on the six scans mentioned previously. The waves of interest 
were normalized, formatted and transferred to a HP vectra 
ES/12 personal computer. They were then analyzed by employing 
a Turbo Pascal program to determine the total reflected 
energy. The points contained within the first 0.3 fis of the 2 
/xs window containing the wave were used to determine the 
background average. This average was subtracted from the 
remainder of the wave to remove D.C. offsets that could skew 
the results (30). A typical bond line echo before and after 
subtraction of the D.C. offset is shown in Fig. 5. The sum of 
the squared values of the individual points making 
20 
Imperfect Dissimilar Interface 
® 2 
Perfect Diss m liar Interface Ri+ Rg 
Z, z, 
C 
R. -R. 
Imperfect Similar Interface 
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Fig. 4. Block diagram showing the nature of the symmetric 
and asymmetric reflection coefficients 
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Fig. 5. Bond line echo from sample No. 6 (a) before 
subtracting out the D.C. offset and (b) after 
subtraction but before the total energy measurement 
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up the wave then provides the total reflected energy from the 
bond line in the time domain. This is proportional to the 
energy in the frequency domain according to Parseval's theorem 
(29) 
+ 00 +00 
I \ . f (t)Vdt = j \F(f)  \^df.  (3) 
This procedure therefore takes advantage of the whole 
frequency spectrum and combines it into one quantity. At this 
point the total reflected energy is the sum of the background 
noise (grain and electrical) and the bond line echo with any 
propagation effects (attenuation). The electrical noise is 
assumed to be constant. 
The total reflected energy was also measured on a 
different data acquisition system using a focussed 5 MHz 
broadband transducer of 25.4 mm diam with a 101.6 mm focal 
length as shown in Fig. 6. The scans were 25.4 mm square 
scans made up of incremental steps of 0.13 mm in both 
directions. The total reflected energy of the time domain 
reflected wave was made as described above except that 100 rf 
traces were averaged to determine the wave train. A 
background average was determined for a small window placed 
prior to the front wall echo in order to take out D.C. shifts 
as discussed previously. The bond line echo was windowed by 
23 
XY Stepper 
Motors 
XDCR 
SAMPLE 
Pulser/Reciever 
Mac 
XY Motor 
Controller 
Digital Sampling 
Oscilloscope 
Water Tank 
Fig. 6. Block diagram for 5 MHz data acquisition system 
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determining the maximum amplitude point of the echo and going 
50 points on each side of the maximum which resulted in a 2 /xs 
window. These measurements were performed and displayed much 
like the contour maps discussed previously. This allowed an 
average value of the reflected energy to be determined over a 
user defined area of the sample. 
3. Normalized Reflected Energy 
The data from the 10 MHz data acquisition system were 
also normalized in two different manners to eliminate material 
effects (attenuation). The first scheme employed the 
amplitudes of the points making up the reflection coefficient 
versus frequency curve. This was done by zero padding the 
bond line waves and the perfect reflector waves to 2048 points 
and then performing the Fast Fourier Transform (FFT) on the 
data. The bond line spectra were then deconvolved by the 
reference spectrum obtained from the perfect reflector placed 
in the bond plane. The energy of the reflection domain was 
obtained by summing the squares of the amplitude of the 
reflection coefficient from 1 to 13 MHz, which totaled a 192 
points. This allowed modelling as most models predict a 
reflection coefficient as a function of frequency. 
Due to the broad band nature of the pulses used in this 
study, a normalized energy was calculated by dividing the 
total reflected energy from the bond line by the total 
reflected energy from the perfect reflector. This method is 
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more straightforward and less computationally intensive than 
the previously described method. It does not lend itself to 
modelling of the energy reflected from the bond line, however. 
C. other Nondestructive Investigations 
Samples containing diffusion bonds of dissimilar 
materials were sliced in half. One half was used in 
destructive tests as will be discussed later, and the other 
was used to test three additional nondestructive techniques. 
Ultrasonic testing at oblique angles has been done on a few 
samples and is discussed in appendix A. Eddy current and 
photoinductive imaging studies have been performed in 
conjunction with other research groups and the results are 
presented in a paper (31). These techniques will not be 
discussed further in this thesis, since only marginal success 
was achieved. 
D. Destructive Tests 
After completion of the ultrasonic investigations, two 
tensile samples were spark cut from half of the diffusion 
bonded sample to determine the strength of the diffusion bond 
produced. 
The tensile samples were 6.35 mm square by 27.94 mm long. 
A reduced gage section in 1 dimension was then machined in the 
tensile coupon straddling the bond line with nominal 
dimensions of 6.35 mm by 3.18 mm by 6.35 mm long. The 
resulting tensile coupon (21) is shown in Fig. 7. The samples 
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Fig. 7. Tensile coupon geometry 
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were tested uniaxially at a strain rate of 1.3 x 10"' s'^. 
The engineering fracture strength or ultimate tensile strength 
was then recorded depending upon which was higher. 
E. Metallographic Inspection 
Three regions of the samples produced were investigated 
metallographically. After the samples were sectioned to 
obtain tensile samples, the material bordering the tensile 
regions were metallographically mounted and polished such that 
the bond line could be viewed edge on. After final polishing 
the bond lines were viewed to determine the presence of voids. 
Etching the samples revealed the presence of the 
interdiffusion zone. The etchant used.consisted of 50 ml HgO, 
30 ml HjPO^ and 30 ml H^Og. This etchant was applied lightly 
to the sample to show the features of the interdiffusion zone. 
Too heavy an application of the etchant will destroy the 
features at the interface. Differential interference contrast 
microscopy aided in enhancing the features of the bond line. 
This procedure allowed for the uniformity, roughness and 
average thickness to be determined. The average thickness of 
the interdiffusion zone was measured by taking a number of 
measurements on photomicrographs by noting microstructural 
changes brought about by the etchant. 
Scanning Electron Microscopy (SEM) was performed on the 
fracture surfaces to determine the type of failure that 
occurred, brittle or ductile. A Scanning Auger Miçroprobe 
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(SAM) was used to evaluate the elemental composition of the 
fracture surfaces. SAM analysis was used to measure 
interdiffusion distances. 
Grain size measurements were performed on the bulk 
material away from the bond line to determine if metallurgical 
changes were occurring that would affect the ultrasonic 
results. Material available after tensile sample sectioning 
was mounted and polished. To determine the grain size the 
following relation (32-34) was used 
D = 1 - 6 5  ( 4 )  
where D is the average grain size, 1 is the length of the line 
overlaid on the sample, N is the number of grain boundaries 
intersecting a line overlaying a photomicrograph and 1.65 is a 
geometrical factor to convert from an area to a volume 
measurement. To bring out the grain boundaries required that 
the proper etchant was used so that the intercepts could 
easily be seen. The Ni etchant used consisted of 35 ml HCl, 
65 ml CHjOH and 4 ml HgOg. The stock cnlution for the Cu 
etchant consisted of 100 ml of saturated aqueous solution of 
potassium dichromate, 2 ml of saturated aqueous solution of 
sodium chloride and 10 ml of concentrated sulfuric acid. The 
etching solution was then made out of 1 part stock solution 
and 9 parts distilled water. Photomicrographs were then taken 
of the samples from which grain size measurement were made. 
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III. EXPERIMENTAL RESULTS 
A. Destructive Results 
1. Diffusion Bonds of Dissimilar Materials 
The general trend noted from the measured tensile 
strengths of the Cu-Ni diffusion bonds produced in this study 
shows that with increasing bonding temperature or time an 
increase in the bond strength results. This can be seen in 
Tables V-VII where the resulting tensile strengths and bonding 
conditions are compiled. The results for samples produced at 
increasing bonding temperatures confirms the results found by 
Kawakatsu and Kitayama on Cu-Ni diffusion bonds (16). 
To determine the nature of the defect controlling the 
strength of the samples, a careful bond line analysis was done 
using both optical and scanning electron microscopy. As can 
be seen from Figs. 8 and 9, optical photomicrographs taken of 
the bond lines show that little or no voids are present at the 
bond line. This is in spite of the fact that the bond line is 
preferentially attacked by the etchant. On the other hand, 
when the bond line is viewed in the unetched state, and if 
voids are present, their existence is not easily noticed as 
shown in Fig. 10. Care must be taken in analyzing such 
photomicrographs as the material could be smearing over the 
voids and concealing their true presence. When careful 
polishing is done and only a light etchant is applied, the 
presence of small voids can be seen in scanning electron 
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Table V. Resulting tensile strengths with corresponding 
bonding conditions for the base matrix fabricated at 
18.8 MPa 
Sample 
No. 
Temp. 
(° C) 
Time 
(hr.) (MPa) 
Standard 
Deviation 
(s) 
No. of data 
points (N) 
1 500 0.25 62.5 3.46 2 
2 500 1.00 55.2 0 1 
3 500 4.00 44.9 6.86 2 
4 575 0.25 19.3 18.5 2 
5 575 1.00 76.4 2.90 2 
6 575 4.00 224 0 2 
7 650 0.25 123.1 6.08 2 
8 650 1.00 206.6 7.92 2 
9 650 4.00 225 0 1 
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Table VI. Tensile strengths with corresponding bonding 
conditions for the small matrix set bonded at 18.8 
MPa 
Sample 
No. 
Temp. 
C C) 
Time 
(hr.) 
(^UTS 
(MPa) 
Standard 
Deviation 
(s) 
No. of data 
points (N) 
10 500 4.00 31.0 0 1 
11 575 4.00 85.7 0.28 2 
12 650 4.00 200.9 7.42 2 
Table VII. Resulting tensile strengths with corresponding 
bonding conditions for samples fabricated under 
a bonding pressure of 13.3 MPa 
Sample 
No. 
Temp. 
(° C) 
Time 
(hr.) *UTS (MPa) 
Standard 
Deviation 
(s) 
No. of data 
points (N) 
13 500 • 4.00 32.3 3.11 2 
14 575 4.00 56.9 0.99 2 
15 650 4.00 150.8 0.71 2 
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(C) 
Fig. 8. Optical bond line micrographs of samples of the base 
matrix at (a) 650 °C for 4 hrs., (b) 575 "C for 4 
hrs. and (c) 500 "C for 4 hrs (Ni side of the 
diffusion bond is in the top half of the 
micrographs) 
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(c) 
Fig. 9. Optical bond line micrographs of samples of the 
reduced set bonded at 18.8 MPa at (a) 650 °C for 4 
hrs., (b) 575 °C for 4 hrs. and (c) 500 "C for 4 hrs 
(Ni side of the diffusion bond is in the top half of 
the micrographs) 
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(b) 
Fig. 10. Optical bond line micrographs of sample no. 3 in the 
(a) etched condition and (b) the unetched condition . 
(Ni side of the diffusion bond is in the top half of 
the micrographs) 
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micrographs as shown in Fig. 11. 
From the micrographs shown in Figs. 8-11, the following 
conclusions are drawn. First, there is a lack of voids 
present at the bond line to explain the wide range of 
strengths seen. Secondly, interdiffusion is noted to have 
taken place across the bond line as seen from Figs. 8 and 9. 
The extent of interdiffusion increases with increasing bonding 
temperature, time and pressure. The average interdiffusion 
distances were determined for all the samples and are 
tabulated in Tables VIII-X. When the average interdiffusion 
distance is plotted against the tensile strength a direct 
correlation is seen as shown in Fig. 12 for samples no. 1-9 of 
the base matrix. The larger the extent of interdiffusion, the 
stronger the sample becomes up to 2.6 nm where a plateau is 
reached. In this plateau regime, the sample fails in the 
copper half of the diffusion couple. When various material 
changes or bonding pressure changes occur, the correlation of 
strength with interdiffusion distance also changes as seen in 
Fig. 13. A shift in the correlation to the right occurs for 
the large grained samples (samples no. 10-12). When the 
bonding pressure is reduced to 13.3 MPa, the correlation 
shifts downward as the samples produced are weaker (samples 
no. 13-15). With the wide range of bonding conditions 
tested, it can be seen that plotting the tensile results 
against the interdiffusion distance (a normalized heat 
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Fig. 11. Scanning electron micrograph of sample no. 11 that 
has been lightly etched and showing the presence of 
small voids at the bond line 
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Table VIII. Interdiffusion distance measurements for the 
base matrix 
Sample 
No. 
Average 
Interdiffusion 
Distance (/Lim) 
Standard 
Deviation (s) 
No. of Data 
Points (N) 
1 0.13 0.31 12 
2 0.21 0.58 12 
3 0.92 1.08 12 
4 0.63 0.77 12 
5 1.42 1.00 12 
6 2.54 1.56 12 
7 1.42 1.04 12 
8 2.38 1.85 12 
9 6.83 3.13 12 
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Table IX. Interdiffusion distance measurements for the small 
18.8 MPa matrix 
Sample 
No. 
Average 
Interdi f fus ion 
Distance (#m) 
Standard 
Deviation 
(s) 
No. of Data 
Points (N) 
10 0.65 0.56 36 
11 2.08 1.69 36 
12 3.56 2.04 48 
Table X. Interdiffusion distance measurements for the small 
13.3 MPa matrix 
Sample No. Average 
Interdiffusion 
Distance (/xm) 
Standard 
Deviation (s) 
No. of Data 
Points (N) 
13 0.43 0.50 48 
14 1.37 1.34 48 
15 3.49 1.90 60 
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treatment parameter) is a more succinct way of analyzing the 
data than comparing samples with changes in temperature, 
pressure or time only. 
The achieved interdiffusion distances are, in general, 
not uniform in thickness as seen in Figs. 8 and 9. There are 
preferential sites for interdiffusion to take place, most 
notably at grain boundaries. Yet, when viewing the bond line 
photos it is clear that the Ni diffuses into the Cu faster 
than the Cu diffuses into the Ni. This has been confirmed by 
Auger analysis done by scanning across the bond line. The 
data for this is shown for two samples in Figs. 14 and 15. 
The original interface position was determined by noting the 
location of small voids present at the bond line. These voids 
were assumed to be left over after the bonding operation and 
are not a result of Kirkendall porosity. Auger maps of copper 
at the bond line show the nonuniform nature of the 
interdiffusion across the bond line. This can be seen in Fig. 
16 where regions of relatively large interdiffusion are seen 
adjacent to regions where no interdiffusion has occurred. 
SEM fractography analysis of the fracture surface on the 
Ni side of the couples confirms that with increasing 
interdiffusion the nature of the failure mode changes from 
brittle to ductile. This can be seen in Fig. 17 where two 
fracture surfaces are compared between samples with little 
interdiffusion and a sample with a large uniform 
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Fig. 14. Diffusion profile across the bond line of sample no. 
11 which was bonded at 575 °C for 4 hrs. at 18.8 MPa 
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Fig. 15. Diffusion profile across the bond line of sample no. 
12 which was bonded at 650 °C for 4 hrs. at 18.8 MPa 
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10 /xm 
Fig. 16. Auger copper map of sample no. 12 showing the 
nonuniform nature of the interdiffusion process 
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(a) 
(b) 
Fig. 17. Scanning electron micrographs of (a) sample no. 3 
showing brittle behavior and (b) sample no. 6 
showing classic ductile behavior 
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interdiffusion zone. Fig. 17a shows relatively large regions 
where the faces of the sample broke in a brittle manner. Fig. 
17b shows classic ductile failure with dimples present across 
the whole fracture surface. When even larger interdiffusion 
regions are present, the material breaks in the Cu with large 
amounts of deformation occurring. This is shown in the 
macrograph of Fig. 18. 
Auger analysis on fracture surfaces on the Ni side of the 
couples was done to determine the composition of the fracture 
plane, as tabulated in Table XI. These data are plotted in 
Fig. 19 against the interdiffusion distance. Fig. 19 shows 
that with increasing bonding conditions (as measured by the 
interdiffusion distance), the fracture surface changes 
concentration to increasingly higher amounts of Cu. Auger 
analysis shows that Cu is present everywhere on the Ni 
fracture surface. 
2. Diffusion Bonds of Similar Materials 
The Cu-Cu diffusion bonds fabricated on a previous 
project (21) showed a wide range of tensile strengths with 
data tabulated in Table XII. 
I 
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METRIC 
Fig. 18. Macrograph of sample no. 9 showing the large amount 
of ductility possible when large interdiffusion 
zones occur 
f 
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Table XI. Ni fracture surface concentration for the base 
matrix 
Sample 
No. 
Cu. Cone. 
Atomic % 
Standard 
Deviation (s) 
No. of Data 
Points (N) 
1 15.11 7.36 30 
2 39.99 19.19 40 
3 40.57 17.90 27 
4 45.12 28.37 13 
5 54.76 32.26 14 
6 78.88 12.18 30 
7 57.71 24.99 20 
8 61.29 23.93 20 
9 100.00 2.04 1 
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Table XII. Tensile strengths and corresponding bonding 
conditions for the Cu-Cu diffusion bonds (21) 
Sample 
No. 
Tensile 
Strength (MPa) 
Temp. C C) Time (hr.) 
16 182.7 500 4.00 
17 134.5 600 0.25 
18 200.6 600 1.00 
19 210.3 600 4.00 
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B. Ultrasonic Results 
1. Reflection Coefficient Results 
Reflection coefficient measurements have been made from 
both sides of the Cu-Ni diffusion bonds produced for this 
study. The resulting reflection coefficient values were 
averaged over a centered circular area (diam. =7.62 mm) of 
the sample. Depending upon the side interrogated, the 
reflection coefficient can yield markedly different frequency 
responses. This is shown in Figs. 20 and 21 for a 
mechanically weak and strong bond, respectively. The effect 
is easily noticeable in Fig. 20 where the Ni side shows a 
relatively large frequency dependence for the reflection 
coefficient, usually attributed to the presence of voids. The 
Cu side shows a frequency independent reflection coefficient, 
a result which is normally attributed to a perfect bond. 
The resulting reflection coefficients obtained at 6 and 
10 MHz of all the Cu-Ni diffusion bonds are shown in Figs. 22-
24. The theoretical value in these plots is based on the 
value derived from the impedance mismatch (25). These results 
are plotted against the interdiffusion distance as this 
measurement has been able to differentiate the various 
mechanical bond qualities observed (see Fig. 13). These plots 
show clearly that a single frequency reflection coefficient 
measurement can not easily differentiate between the 
mechanically weak (small interdiffusion) and strong, (large 
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Fig. 21. Reflection coefficient versus frequency for sample 
no. 9 which showed high mechanical strength 
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Fig. 22a. Reflection coefficient, measured on the Ni side of 
the couple, versus interdiffusion distance for the 
samples of Table I at 6 MHz (base matrix) (error bar 
applies to all points) 
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Fig. 22b. Reflection coefficient, measured on the Cu side of 
the couple, versus interdiffusion distance for the 
samples of Table I at 6 MHz (base matrix) (error bar 
applies to all points) 
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Fig. 22c. Reflection coefficient, measured on the Ni side of 
the couple, versus interdiffusion distance for the 
samples of Table I at 10 MHz (base matrix) (error 
bar applies to all points) 
57 
0.20 
Error bar 
0) 
o 
o 
c 
o 
u 0) 
+0.02 
THEORY 0.08 -
0.02 0.06 
0.00 2.00 6.00 8.00 4.00 
Interdiffusion Distance (yum) 
Fig. 22d. Reflection coefficient, measured on the Cu side of 
the couple, versus interdiffusion distance for the 
samples of Table I at 10 MHz (base matrix) (error 
bar applies to all points) 
58 
0.20 
Error bar 
0.12 — 
+0.02 
(S 0.10 
THEORY 
0.08 — 
-0.02 
0.06 
8.00 0.00 6.00 2.00 4.00 
Interdiffusion Distance (//m) 
Fig. 23a. Reflection coefficient, measured on the Ni side of 
the couple, versus interdiffusion distance for the 
samples of Table II at 6 MHz (error bar applies to 
all points) 
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Fig. 23b. Reflection coefficient, measured on the Cu side of 
the couple, versus interdiffusion distance for the 
samples of Table II at 6 MHz (error bar applies to 
all points) 
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Fig. 23c. Reflection coefficient, measured on the Ni side of 
the couple, versus interdiffusion distance for the 
samples of Table II at 10 MHz (error bar applies to 
all points) 
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Fig. 23d. Reflection coefficient, measured on the Cu side of 
the couple, versus interdiffusion distance for the 
samples of Table II at 10 MHz (error bar applies to 
all points) 
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Fig. 24a. Reflection coefficient, measured on the Ni side of 
the couple, versus interdiffusion distance for the 
samples of Table III at 6 MHz (error bar applies to 
all points) 
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Fig. 24b. Reflection coefficient, measured on the Cu side of 
the couple, versus interdiffusion distance for the 
samples of Table III at 6 MHz (error bar applies to 
all points) 
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Fig. 24c. Reflection coefficient, measured on the Ni side of 
the couple, versus interdiffusion distance for the 
samples of Table III at 10 MHz (error bar applies to 
all points) 
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Fig. 24d. Reflection coefficient, measured on the Cu side of 
the couple, versus interdiffusion distance for the 
samples of Table III at 10 MHz (error bar applies to 
all points) 
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interdiffusion) samples produced for this study. This is due 
in large part to the large error bars for this measurement. 
What is most notable in Figs. 22-24 is that measurements on 
the Cu side are consistently the least likely to differentiate 
a bad from a good bond. From Fig. 22c, it can be seen that 
the measurements on the Ni side show a distinct difference 
between the mechanically weak and strong diffusion bonds (high 
R for weak samples, low R for strong). Yet, there is no 
differentiation between the various weak samples (strengths 
range from 20 - 140 MPa). 
The asymmetric-symmetric reflection coefficient technique 
has been applied to the above samples. As mentioned 
previously, this technique breaks the reflection coefficient 
(as measured from both sides of the bond) into two parts. The 
first is the ideal part (asymmetric) due to the impedance 
mismatch (which is frequency independent). The second part is 
the symmetric reflection coefficient. This measures the 
degree of imperfection at the bond line (28) and is therefore 
the most crucial value of this analysis. The results of this 
analysis are shown for the Cu-Ni diffusion bonds in Figs. 25-
27. As can be seen, this technique has not added any new 
information about the samples and does not aid at all in 
differentiating between good and bad bonds. 
The reflection coefficient results are a little more 
encouraging for the Cu-Cu diffusion bonds fabricated and 
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Fig. 25. Asymmetric-symmetric reflection coefficients versus 
interdiffusion distance for the samples of Table I 
at 10 MHz (base matrix) 
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Fig. 26. Asymmetric-symmetric reflection coefficients versus 
interdiffusion distance for the samples of Table II 
at 10 MHz 
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Fig. 27. Asymmetric-symmetric reflection coefficients versus 
interdiffusion distance for the samples of Table III 
at 10 MHz 
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studied prior (21) to this project. The results for these 
samples are shown in Fig. 28 indicating a slight decrease of 
the reflection coefficient with increasing strength. However, 
due to the large error bars it is hardly possible to clearly 
differentiate the best diffusion bonds from those of medium 
strength. 
2. Total Energy Results 
The total reflected energy for the Cu-Ni diffusion bonds 
produced in this study was measured with the two data 
acquisition systems discussed previously. All values obtained 
are tabulated in Tables XIII-XVIII. The values obtained using 
the 10 MHz data acquisition system are plotted against the 
interdiffusion distance in Figs. 29-31. In contrast to the 
reflection coefficient measurements, the present data show 
clearly that the total energy decreases with increasing 
interdiffusion distance. More importantly, plots of total 
energy versus the resulting tensile strengths show the 
expected correlation as seen in Figs. 32-34. This evaluation 
of the ultrasonic wave reflected back from the bond line is 
found to be more sensitive than the single frequency 
reflection coefficient technique discussed previously as can 
be seen from a comparison of Figs. 29-31 to Figs 22-24. This 
increased sensitivity results from smaller error bars for this 
measurement. 
When analyzing the Cu-Cu diffusion bonds with this 
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Fig. 28. Reflection coefficient versus ultimate tensile 
strength for Cu-Cu diffusion bonds (21) 
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Table XIII. Total reflected energy from the bond line for 
the samples of Table I (base matrix, Ni side, 
10 MHz system) 
Sample 
No. 
Total reflected Energy 
(arbitrary units) 
Standard 
Deviation (s) 
No. of 
Data 
Points. 
1 43.53 3.171 6 
2 30.91 1.339 6 
3 27.89 0.825 6 
4 26.73 1.144 6 
5 31.42 1.654 6 
6 14.59 0.436 6 
7 23.26 0.660 6 
8 16.99 0.813 6 
9 21.24 0.722 6 
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Table XIVA. Total reflected energy from the bond line for 
samples of Table II (Ni side, 10 MHz system) 
Sample 
No. 
Total reflected Energy 
(arbitrary units) 
Standard 
Deviation (s) 
No. of 
Data 
Points. 
10 25.05 1.14 6 
11 21.53 0.50 6 
12 19.26 0.95 5 
Table XIVB. Total reflected energy from the bond line for 
the samples of Table II (Ni side, 5 MHz system) 
Sample 
No. 
Total reflected 
Energy (V^) 
Standard 
Deviation (s) 
No. of Data 
Points. 
10 1.044 E-04 6.730 E-06 5024 
11 9.612 E-05 5.490 E-06 5024 
12 8.355 E-05 4.740 E-06 5024 
Table XV. Total reflected energy from the bond line for the 
samples of Table III (Ni side, 10 MHz system) 
Sample 
No. 
Total reflected Energy 
(arbitrary units) 
standard 
Deviation (s) 
No. of 
Data 
Points. 
13 20.7 2.08 6 
14 28.1 1.05 6 
15 17.0 C
O o
 6 
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Table XVI. Total reflected energy from the bond line for 
the samples of Table I (base matrix, Cu side, 
10 MHz system) 
Sample 
No. 
Total reflected Energy 
(arbitrary units) 
Standard 
Deviation (s) 
No. of 
Data 
Points. 
1 158.41 8.441 6 
2 106.51 5.274 6 
3 93.37 1.651 6 
4 86.05 13.114 6 
5 102.65 5.991 6 
6 58.67 1.807 6 
7 71.49 3.522 6 
8 60.36 3.202 6 
9 59.86 0.699 6 
75 
Table XVIIA. Total reflected energy from the bond line for 
the samples of Table II (Cu side, 10 MHz 
system) 
Sample 
No. 
Total reflected Energy 
(arbitrary units) 
Standard 
Deviation (s) 
No. of Data 
Points. 
10 52.6 2.05 6 
11 36.2 0.81 6 
12 19.9 1.16 6 
Table XVIIB. Total reflected energy from the bond line for 
the samples of Table II (Cu side, 5 MHz system) 
Sample 
No. 
Total reflected 
Energy (V^) 
Standard 
Deviation (s) 
No. of Data 
Points. 
10 3.690 E-04 2.08 E-05 5024 
11 3.059 E-05 1.89 E-05 5024 
12 2.278 E-05 2.54 E-05 5024 
Table XVIII. Total reflected energy from the bond line for 
the samples of Table III (Cu side, 10 MHz 
system) 
Sample 
No. 
Total reflected Energy 
(arbitrary units) 
Standard 
Deviation (s) 
No. of Data 
Points. 
13 57.7 3.60 6 
14 51.5 1.79 6 
15 33.8 1.04 6 
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Fig. 29. Total reflected energy versus interdiffusion 
distance for the samples of Table I (base matrix) 
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Fig. 30. Total reflected energy versus interdiffusion 
distance for the samples of Table II 
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Fig. 31. Total reflected energy versus interdiffusion 
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Fig. 32. Total reflected energy versus tensile strength for 
the samples of Table I (base matrix) 
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Fig. 33. Total reflected energy versus tensile strength for 
the samples of Table II 
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technique, a trend of decreasing energy with increasing 
strength can easily be seen in Fig. 35. The technique 
differentiates between the mechanically strong and weak bonds 
that was not possible in the single frequency reflection 
coefficient work. 
3. Normalized Total Energy Results 
Concern about possible grain growth during the diffusion 
bonding operation lead to measurement of the grain size and 
also to a "normalized" total energy evaluation. The grain 
size of all the samples fabricated for this project are listed 
in Tables XIX-XXI. Grain size information was not available 
for the Cu-Cu diffusion bonds (21). Only the data taken on 
the Cu sides of the Cu-Ni diffusion bonds showed a consistent 
increase in grain size with increasing interdiffusion distance 
as a normalizing heat treatment parameter. A typical example 
of this is shown in Fig. 36 for the Cu bulk material used for 
the base matrix (samples of Table I). 
A grain size increase would decrease the energy received 
by the transducer from the bond line due to an attenuation 
effect. Therefore, a grain size increase with increasing 
interdiffusion distance would skew the total energy results 
and lead to inaccurate interpretation of the correlation 
between total energy and strength. This forced a normalized 
total energy evaluation. As was mentioned in the procedure 
section, this can be executed in two different ways. The 
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Fig. 35. Total reflected energy versus ultimate tensile 
strength of Cu-Cu diffusion bonds (21) 
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Table XIX. Cu and Ni grain sizes for the samples of Table 
I (base matrix) 
Sample 
No. 
Cu grain 
size 
( u r n )  
Standard 
Deviation 
Ni grain 
size 
( m )  
Standard 
Deviation 
No. of 
Data 
Points 
1 40.8 5.78 56.0 4.80 10 
2 45.5 5.26 57.6 5.64 10 
3 50.4 7.26 58.5 6.74 10 
4 45.2 4.66 64.0 8.57 10 
5 51.9 7.29 59.2 6.20 10 
6 56.8 9.47 55.7 6.05 10 
7 58.7 5.75 58.4 4.31 10 
a 55.4 5.82 88.8 8.07 10 
9 71.0 7.30 85.1 9.47 10 
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Table XX. Cu and Ni grain sizes for the samples of Table II 
Sample 
No. 
Cu grain 
size (nm) 
Standard 
Deviation 
Ni grain 
size 
(Atm) 
Standard 
Deviation 
No. of 
Data 
Points 
10 142.0 19.59 187.6 45.84 10 
11 153.4 24.60 178.3 29.78 10 
12 180.9 40.37 188.6 27.90 10 
Table XXI. Cu and Ni grain sizes for the samples of Table 
III 
Sample 
No. 
Cu grain 
size 
(Min) 
Standard 
Deviation 
Ni grain 
size 
(Mm) 
Standard 
Deviation 
No. of 
Data 
Points 
13 118.5 13.2 140.3 24.9 10 
14 129.8 12.9 149.4 20.1 10 
15 152.0 42.6 136.7 15.7 10 
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Fig. 36. Cu grain size as a function of interdiffusion 
distance (a normalized heat treatment parameter) for 
the samples of Table I (base matrix) 
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first technique to determine a normalized total energy was 
done by determining the total energy from reflection 
coefficient versus frequency data. The results of this is 
shown in Figs. 37 and 38 for the sample matrices that were 
fabricated at 18.8 MPa. As can be seen, the samples 
differentiate in the same manner as the total reflected energy 
results. The general trend in the total energy data is that a 
decrease in energy corresponds to an increase in strength. 
This is reproduced in the normalized total energy measurement 
except for the large interdiffusion sample of Table I. This 
sample is anomalous due to the secondary recrystallization 
that occurred in various regions of the samples and hence made 
a normalized evaluation of any sort impossible. 
A normalized total energy was also found by dividing the 
total reflected energy from the bond line by the total 
reflected energy from the perfect reflector placed at the bond 
line. These results are shown in Figs. 39 and 40 for the 18.8 
MPa samples of Tables I and II. As can be seen, similar 
results were found as with the previous technique (Figs. 37 
and 38). This is an important result as this method is 
computationally simpler and faster. On the samples of Table 
III (13.3 MPa), the normalized total energy was evaluated with 
this simpler technique and the results are shown in Fig. 41. 
The normalized total energy evaluation was also applied 
to Cu-Cu diffusion produced and measured earlier (21). 
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Fig. 37, Normalized total energy, using the frequency 
dependent R, versus interdiffusion distance for the 
samples of Table I (base matrix) 
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These results are shown in Fig. 42. Again, the total energy 
decreases with increasing strength; however, the relative 
change is smaller than that noticed in the total energy 
results since attenuation effects have been deconvolved out. 
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Fig. 42. Normalized total energy versus strength for the Cu-
Cu diffusion bonds (21) 
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IV. DISCUSSION 
A. Destructive Results 
1. Kinetics of Diffusion Bonding 
The kinetics of diffusion bonding of similar materials 
has been studied in some detail (5,35-39). However, the 
models proposed are only used as a guide in selecting 
appropriate bonding conditions before producing bonds. If a 
bad bond resulted, the bonding conditions were changed until 
success was achieved (39). This limited use has generally 
been attributed to a lack of knowledge about the important 
material constants and properties needed as inputs for the 
models (39). 
Given the lack of any models available for the diffusion 
bonding of dissimilar materials, one of the above models will 
be used to investigate the effects observed on the diffusion 
bonds produced in this study. This approach has also been 
used by other investigators when studying various aspects of 
the diffusion bonding process,e.g; Garmong determined changes 
in the asperity topology of Ti-6A1-4V by pressing the Ti 
surface against a tool steel surface (5). In the work 
presented here, concern will be only given to the kinetics of 
Cu diffusion bonding as it will creep prior to any 
metallurgical change in the Ni. 
Given the relatively high bonding pressures used in this 
study compared to the normal pressure ranges reported in the 
literature (2), a power law creep model was employed to 
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investigate the kinetics of diffusion bonding. Derby and 
Wallach showed this to be a useful model for diffusion bonding 
of copper based on arguments using deformation maps (37,38). 
Specifically, Hamilton has shown that the time needed to 
eliminate triangular asperities at the bond line is given by 
(35,39) 
where k is Boltzmann's constant, T is the temperature, A is 
the power law creep constant, Dgg is the grain boundary 
diffusivity, S is the grain boundary width, G is the shear 
modulus, P is the bonding pressure and n is the power law 
exponent. The various material properties and constants were 
taken from a review article on the theory of the diffusion 
bonding of Cu (37). 
First evaluations of this model predicted times needed to 
achieve full bonding that were several orders of magnitude too 
small under realistic bonding conditions. This immediately 
leads one to the conclusion that some or all of the material 
parameters used in the model were incorrect, yet the proper 
trend with pressure and temperature was noted. To get more 
appropriate and realistic values, the previous work of Palmer 
et al (21) was used to scale the diffusion bonding model 
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results by using an empirical factor in Eq. 5. This empirical 
factor was determined by adjusting Eq. 5 to the bonding 
conditions of 600 "C, 13 MPa, 4 hours where a tensile strength 
of 210 MPa was achieved. The correction factor was found to 
be 1989.3. The results of this kinetic model are shown in 
Fig. 43. Any point to the right of a given temperature curve 
is bonded. A point to the left is not fully bonded. The 
figure shows that the samples produced at conditions of 575 
°C 4 hrs, 650 °C 1 hr and 650 °C 4 hrs and 18 MPa should be 
fully bonded. The samples of the base matrix confirm this 
when analyzing the results of the tensile strengths (see Table 
V) .  
However, this model does not address the problem that in 
reality various degrees of mechanical strengths of the bond 
lines were achieved although no voids or only small voids were 
observed, as evidenced by the photomicrographs. This result 
was confirmed by the failure of single frequency reflection 
coefficient measurements to differentiate the various samples 
and to note the presence of any voids. 
Thus, an additional metallurgical mechanism is required 
to explain the absence of voids in the Cu-Ni diffusion bonds. 
It is suggested here that enhanced surface diffusion 
participates in filling the voids at the bond lines. This is 
shown schematically in Fig. 44 with an idealized bond line 
geometry. Support for this suggestion can be obtained from 
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three sources. It has been found experimentally that Cu 
diffuses on a Ni substrate four orders of magnitude faster 
than Cu on Cu, Ni on Ni, and Ni on Cu (40). This enhanced 
surface diffusion effect has also been observed in Fe-Al 
diffusion bonds where A1 on the Fe substrate has the fastest 
diffusivity (16). In the present studies. Auger analysis has 
shown Cu to be deposited on the Ni fracture surfaces. 
Finally, Fig. 45 shows scanning electron micrographs of the Ni 
fracture surface where it also appears that a layer of Cu has 
been deposited on the Ni and small areas not yet coated by Cu 
are still visible. These results confirm that the Cu is 
diffusing on the Ni surface aiding in the elimination of voids 
at the bond line. This diffusion on the Ni surface would 
reduce the height of the voids present that need to be closed, 
reducing the time to eliminate voids by creep, and hence 
produce the accelerated results observed. 
2. Bond Strength and Interdiffusion 
There is strong evidence that the elimination of voids at 
the bond line does not guarantee parent metal mechanical 
properties (7,12,13). Two types of defects could still be 
present that would produce weak mechanical properties. A 
contaminant could be trapped at the bond line (on the order of 
a few angstroms thick), hinder atomic bond formation across 
the interface and hence act like an extremely sharp crack. 
Also, a so called "kissing bond" could be formed. A "kissing 
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Fig. 45. Micrograph showing voids left in the bond plane with 
the original polishing scratches observable 
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bond" is defined as an intimate mechanical contact between the 
two halves of the diffusion bond (14) ; yet, no metallic 
bonding has occurred across the bond line. Again a sharp 
crack is present in such a structure. 
This latter case appears to be applicable to some of the 
samples produced in this study since exposure of the parent 
metal surfaces to flowing hydrogen gas just prior to bonding 
eliminated the contaminants (12). Analysis of the bond line 
photomicrographs of Figs. 8 and 9 confirm this conclusion: 
regions where no interdiffusion has occurred show an absence 
of voids where the faces were forced together by the bonding 
pressure. In situ Auger analysis has not shown the presence of 
contaminants when the bonding atmosphere chosen was hydrogen 
(11-13). Intimate contact has been achieved as evidenced by 
the absence of strong ultrasonic reflections from the bond 
line. The lack of an ultrasonic response from a kissing bond 
has also been observed by other investigators (14). Thus, 
only regions where interdiffusion has occurred appear to be 
able to transfer the load across the interface. 
With an increase in bonding temperature and/or time the 
observed interdiffusion distance increases, as required by the 
diffusion equation. Since the interdiffusion does not 
initiate uniformly across the interface, it is expected that 
the resulting mechanical strength increases with increasing 
average interdiffusion distance. This trend in the data 
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confirms the observed increase in the bond strength noticed by 
Kawakatsu and Kitayama (16) and attributed to the elimination 
of defects at the bond line. The measured interdiffusion 
distance resembles grain growth across the bond line between 
similar materials which is considered necessary to achieve 
strength (35). In other words, grain growth and 
interdiffusion are phenomena that determine the strength of 
the achieved diffusion bonds. Not surprisingly, 
interdiffusion is easily determined metallographically and can 
be more easily monitored than grain growth. 
The plateau region in the strength versus interdiffusion 
distance curve is due to the fact that at a certain average 
interdiffusion distance all voids and "kissing bonds" have 
finally disappeared and the structure breaks in the weakest 
material of the solid solution series formed in the Cu-Ni 
system (Cu:CTy^g = 225 MPa (2,20)). In order to determine the 
actual bond strength, it is necessary to use tapered gage 
sections to concentrate the load in the bond line. Such 
measurements have been made on the Cu-Fe system by other 
investigators who found the bond strength achieved to be 
greater than for pure Cu (41). This strength increase is 
due to solid solution hardening as indicated by the work of 
Kawakatsu and Kitayama (16). 
The present Auger surface analysis results of Fig. 19 
confirm the observed trend of increasing strength with 
104 
increasing interdiffusion distance. With increasing bonding 
temperature and time, the interdiffusion distance increases 
and hence the amount of Cu found on the surface increases as 
Cu is the weakest part of the bond fabricated. This is 
apparent when large interdiffusion distances are achieved and 
fracture occurs in the Cu away from the bond line as was seen 
on sample no. 9, where an interdiffusion distance of 6.8 /im 
was achieved. 
3. Kinetic Effects 
a. Grain Size 
Interdiffusion that takes place between the Cu and Ni is 
the critical parameter in achieving strength in the diffusion 
bonds produced (see Fig. 13). In addition to any change in 
the bonding conditions, certain material parameters also 
affect the diffusion bonding process (and hence the 
interdiffusion distance). As was mentioned earlier, the 
materials used in the present study had different grain sizes. 
For the materials with the greater grain size a noticeable 
decrease in interdiffusion distance was indeed observed 
although the bonding conditions were exactly the same (see 
Tables VIII and IX). 
This decrease in interdiffusion distance with increasing 
grain size can be explained by the following. An effective 
diffusion coefficient (D^pp) can be assumed (15,42) which is 
the sum of lattice (D^) and grain boundary (D^g) diffusion 
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coefficients 
^EFF (6) 
with 
(7) 
where f is the fraction of atoms arriving at the boundary, S 
is the boundary width, 1 is the linear dimension of the grain 
and k is a numerical coefficient depending upon the 
geometrical shape of the grains. A change in the diffusion 
coefficient affects the diffusion distance as expected from 
the diffusion equation 
where x is the diffusion distance and t is time. 
Grain boundary diffusion is roughly four orders of 
magnitude larger than volume diffusion and considered 
important when the temperature is below 0.8 only when the 
product fDgg is on the order of (15). For the bonding 
conditions used in this study, all the work was performed 
below 0.8 T^. Therefore, when considering the grain size 
effect on D^pp, it can be seen that for larger grain sizes. 
(8 )  
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less interdiffusion will occur. Thus, the effect of grain 
size on interdiffusion is qualitatively explained (compare 
Tables VIII and IX). Other investigators have observed 
similar effects, studying the Cu-Ni interdiffusion case (42). 
A strong grain size effect was noticed below 0.8 T^ where, a 
decrease in the grain size from 60 to 20 ura increased by 
an order of magnitude. 
b. Pressure 
A slight pressure effect on the interdiffusion distance 
was noticed for the large grained samples when comparing bonds 
fabricated at 13.3 and 18.8 MPa, as evidenced by the results 
presented in Tables IX and X. This phenomenon has also been 
investigated by other authors (43-46) and may be attributed to 
at least two origins. A purely geometrical induced effect has 
been found for samples in which Kirkendall porosity formed 
(43,45). This has been explored by the use of inert markers 
placed at the original Cu-Ni interface (43,45). With slight 
increases in pressure (0.1 - 27.6 MPa) an increase in marker 
velocity was noted. As the voids formed, they extend the Cu 
rich regions of the diffusion couple and skew the measured 
velocity of the markers (43,45). Elimination of these voids 
enhances the observed marker displacement (43,45). The effect 
therefore is geometrical and not, as originally thought a 
diffusional short circuit caused by the voids (45). 
On the other hand, an increase in the diffusion 
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coefficient with increasing pressure has been observed at 
relatively low temperatures (44). This is attributed to an 
increase in local plastic deformation and accompanied by 
lattice defects (dislocations necessary for plastic flow and 
for creep (47)) due to the uneven elastic pressure 
distribution in the grains (44). These defects would then be 
short circuit paths that would increase Dg^p (15) and therefore 
would affect the average interdiffusion distance. Others have 
attributed this to deformation in the areas of contact between 
the two halves of the bond which provide short circuit paths 
for diffusion at the bond line (46). These regions which 
would occur at the point where the asperities touch would 
undergo recovery and recrystallization and hence provide a 
fine grain structure to aid interdiffusion. 
For the samples in this present study, a combination of 
the above effects is most likely occurring. For the lower 
pressure used, the defects at the bond line are not being 
eliminated quickly, leading to some small voids being left at 
the bond line and more "kissing bonds". The voids present are 
not short circuit paths (45). Therefore, higher pressures 
would result in more areas being in contact allowing for 
larger interdiffusion distances. Also, any defects generated 
at the bond line will aid in interdiffusion and the larger 
pressures generate more defects. 
This suggestion would explain the interdiffusion distance 
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curves in Figs. 14 an 15. For the Cu-Ni system it is well 
known that the flux of Cu atoms is faster than that of the Ni 
atoms (15), which leads to the well known Kirkendall effect. 
Yet, these two curves show that Ni is the faster species. 
This is due to the fact that more defects are generated in the 
Cu which are acting as short circuit paths for interdiffusion 
(Cu plastically deforms and creeps prior to Ni). 
4. Summary 
As can be seen, the diffusion bonding process is very 
intricate for diffusion bonds of dissimilar materials. Many 
competing effects are occurring so that only a qualitative 
description of the metallurgical process is available at the 
present time. 
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B. Ultrasonic Results 
1. Reflection Coefficient 
a. Cu-Ni 
The detection of defects at the bond line of dissimilar 
materials is complicated by a "blinding" effect (28) caused by 
the strong reflection of the ultrasonic wave due to the 
impedance mismatch. This reflection could potentially hide 
the information about any defects present at the bond line. 
This is due to the fact that from one side of the bond line, 
the impedance mismatch acts like a positive step and from the 
other side a negative step (2,8). In other words the phases of 
the reflected signals are different by 180°. On the other 
hand, the voids present at the bond line will look like a 
positive step from each side of the bond line since they 
arrive with the same phase (28). Therefore, from the higher 
impedance side (Ni) an additive effect of the impedance 
mismatch and voids will occur and from the lower impedance 
side (Cu) the difference will be seen. This explains the 
curves shown in Fig. 20. The Ni side reflection coefficient 
shows a strongly increasing frequency dependence while the Cu 
side shows a slight decreasing frequency dependence. A true 
statement of the frequency dependence of the reflection 
coefficient is hampered by the large error bars associated 
with this measurement as alluded to earlier. It is the 
presence of the large error bars that makes differentiation 
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between good and bad bonds tenuous at best (see Figs. 22-24). 
Success of this reflection coefficient measurement has been 
achieved only when gross changes are observed such as 
comparing samples that have large scale disbonds present which 
produce extremely weak samples to mechanically strong samples 
with no voids present (8,9,21). 
Application of the asymmetric-symmetric reflection 
coefficient was not able to make the reflection coefficient 
work more sensitive as claimed by other investigators, even 
with spatial averaging (28). This is shown in Figs. 25-27. 
Success of this measurement has only been shown to occur when 
gross defects are viewed (28). 
The information in the ultrasonic wave reflected back 
from the bond line of the dissimilar diffusion bond will also 
be affected by roughness (48) and interdiffusion (26,27) which 
are known to scatter and cause resonance of the ultrasonic 
wave, respectively. This will cause further complications in 
the reflection coefficient results as both of the above will 
alter the frequency dependence of the reflection coefficient 
and will be discussed in greater detail later. 
The main reason why the reflection coefficient has been 
unable to differentiate the Cu-Ni diffusion bonds produced is 
that few voids are found at the bond line. Large scale 
disbonds are not occurring as has been shown to be needed to 
differentiate the samples (8,9,21,28). The reason for the 
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lack of voids has been discussed earlier in great detail. 
When this fact is coupled with the large error bars reported, 
this measurement is not useful for differentiating the samples 
produced as only small changes are occurring at the bond line, 
b. Cu-Cu 
The Cu-Cu reflection coefficient results shown in Fig. 28 
are also hampered from being able to differentiate the various 
samples by the large errors in the measurement. There is a 
deficiency of large quantities of voids present at the bond 
line which means that it is difficult to get signals high 
enough to differentiate the samples (8,9,21). 
2. Reflected Energy 
Due to concerns that attenuation associated with grain 
growth affects the total energy analysis, only the normalized 
reflected energy results will be discussed here. This is the 
only way to obtain a true indication of the ultrasonic 
response of the state of the bond line. This can be seen from 
a comparison of Figs. 30 and 38 where the normalized results 
are very consistent when viewed from both sides. The 
attenuation due to grain growth is seen to exaggerate the 
differentiation of the samples from the Cu side as shown in 
Fig. 30. 
a. Void Based Analysis 
While most of the evidence presented points to an absence 
of voids at the bond line for the Cu-Ni diffusion bonds, there 
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is still a chance that a few voids are present to reflect a 
small portion of the ultrasonic wave. The Cu-Cu diffusion 
bonds made on a prior project are known to have voids present 
(21). This was found by a fractional bonded area analysis 
tabulated in Table XXII (21) which allowed a spring constant 
to be determined for the samples (21,22). 
Modelling of the reflection coefficient as a function of 
frequency can be done through the spring model for diffusion 
bonds of similar materials (22) . The reflection coefficient 
as a function of frequency is given by 
« — 
where Z is the impedance given by vp (v is the velocity and p 
is the density), m is the mass of the interface, K is the 
spring constant, j=/^ , and a is equal to 2ir times the 
frequency. For the case where a plane of voids is present it 
has been shown that m=0 (9,21) and therefore the reflection 
coefficient for the spring model simplifies to 
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Table XXII. Fractional bonded area and spring constant 
analysis of Cu-Cu diffusion bonds (21) 
Sample 
No. 
Strength 
(MPa) 
Fractional Bonded 
Area (A/A.) 
Spring Constant 
(lO' MPa/m) 
16 182.7 0.77 41.7 
17 134.5 0.71 31.9 
18 200.6 0.93 123.2 
19 210.3 0.97 127.9 
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R = . (10) 
The results of the model prediction based on the spring 
constants tabulated in Table XXII are shown in Fig. 46. These 
results were then processed to arrive at a reflection 
coefficient at 10 MHz as well as at the normalized energy. 
The theoretical results of this analysis for the Cu-Cu 
diffusion bonds is shown in Fig. 47. As can easily be seen, 
by viewing the whole frequency spectrum, a more sensitive 
measurement results. 
Yet, when the actual measured data is viewed, as seen in 
Figs. 28 and 42, the normalized energy does not differentiate 
the samples as clearly as expected from Fig. 47 while the 
reflection coefficient measurement worked as expected and 
barely differentiated the samples. This is due to the fact 
that the analysis used to produce Fig. 47 completely ignores 
the fact that noise is present in the ultrasonic wave train. 
The reason for the difficulty in differentiating the three 
strongest samples becomes clear as the bond line echo is 
buried in the noise as shown in Fig. 48. It was hoped that by 
looking at the area squared under the reflection coefficient 
versus frequency data that a more sensitive measurement would 
result. This was not found to be the case for the Cu-Cu 
115 
600 C 0.25 hr 
- - 500 C 4.00 hr 
— 600 C 1.00 hr 
— 600 C 4.00 hr 0.08 
o 0.06 : 
0.04 
0.02 
0.00 
0.00 5.00 10.00 15.00 20.00 
Frequency (MHz) 
Fig. 46. Predicted reflection coefficient versus frequency 
for the Cu-Cu samples of Table IV based on the data 
of Table XXII (21) 
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Fig. 48. Bond line wave trains for Cu-Cu samples fabricated 
at a) 500 °C, 4 hrs. (sample no. 16), b) 600 °C, 1 
hr. (sample no. 18) and c) 600 °C, 4 hrs. (sample 
no. 19) at a bonding pressure of 13 MPa (21) 
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diffusion bonds studied as the small changes in the bond line 
echo due to the presence of voids did not stand out above the 
background noise. 
b. Microstructural Analysis 
The lack of voids in the Cu-Ni diffusion bonds tested in 
this study and the failure of a reflection coefficient 
measurement to clearly detect bad bonds is attributed to the 
enhanced surface diffusion discussed earlier. This implies 
that a perfect bond line results and the photomicrographs 
along with the reflection coefficient measurements confirm 
this to some extent. The question then becomes why can a 
normalized energy measurement differentiate the samples 
produced. 
If it is assumed that a "perfect" interface exists for 
the samples produced, the reflection coefficient is given by 
where Z- is the acoustic impedance for each material (25). 
This equation shows that the reflection coefficient is 
frequency independent. In this case, the reflection 
coefficient as well as the normalized energy should not be 
able to differentiate the samples since the latter analysis 
uses the area squared under the reflection coefficient versus 
frequency curve over the bandwidth of the transducer. 
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Therefore, for differentiation to occur, the interface must 
produce some frequency dependence. By viewing the bond line 
photomicrographs of Figs. 8 and 9, two sources for the 
frequency dependence arise. The interdiffusion zone can give 
rise to a "resonance" effect (24,27,49). On the other hand, 
the nonuniformity of the interdiffusion process leads to a 
"roughness" of the interdiffusion zone which will affect the 
reflection coefficient (48). Both of these effects will give 
rise to a frequency dependence of the reflection coefficient. 
These effects will now be discussed in turn. 
The "resonance" effect can be illustrated by use of the 
spring model (22). Consider the diffusion couples formed as a 
layered structure to simulate the interdiffusion zone. For 
the present case, the sample was considered as a 4 layer 
sample with the layers being components of 0 at% Ni, 33 at% 
Ni, 67 at% Ni and 100 at% Ni (the remainder being Cu). The 
two intermediate layers comprise the total interdiffusion 
thickness in equal parts. The spring model (22) for this case 
then gives the reflection coefficient as a function of 
frequency as 
(1-^) -J"[ (Z%)K^1^%T^ 
where is the acoustic impedance of the Cu and is the 
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impedance of the Ni. m is given by 
= •§ (P2+P3) (13) 
where pj is the density for a given layer and L is the 
interdiffusion thickness. In this case, the spring constant 
for the interface is determined by 
where C. is the elastic constant given by Vj^p,. The density 
and the velocities used in this model were determined from X-
ray lattice spacings (50) and Young's and shear modulus data 
(51) of the complete Cu-Ni system. By using the above 
equations, the reflection coefficient can be modelled as a 
function of frequency for any interdiffusion thickness as long 
as the wavelength is long compared to the interdiffusion zone 
thickness. The results of this model are shown in Fig. 49 for 
several interdiffusion layer thicknesses indicating a 
frequency dependence of the reflection coefficient. Thus, 
Fig. 49 demonstrates that by considering the squared area 
under the curves, increasing interdiffusion distance will lead 
to less energy being reflected back from the bond line. 
The second consideration to be taken into account is the 
"roughness" of the interface. This "roughness", as seen in 
Figs. 8 and 9, arises from the nonuniform nature of the 
K 2 C2C3 (14) ( i , ( q + q )  )  
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plotted for various interdiffusion layer thicknesses 
122 
diffusion process especially when grain boundary diffusion is 
present. The effect of roughness on the reflection 
coefficient has been studied by other investigators (48) and 
is given by 
R = Rq (15) 
where Rg is the impedance mismatch given in Eq. 11, h is the 
rms "roughness" of the interface and is the wave vector de­
pending upon the side being interrogated. This equation pre­
dicts that with increasing roughness, the reflection coeffi­
cient decreases. This can be seen in Fig. 50. Therefore, the 
"rougher" the interface, the less energy is reflected back 
from the bond line, this energy again being determined by 
using the area squared under the curves of Fig. 50. 
The differentiation of the samples using the normalized 
energy takes advantage of two microstructural changes at the 
bond line discussed above and possibly any addition due to the 
presence of voids left at the bond line. These effects 
predict the correct trend seen in the normalized energy data 
of Figs. 39-42. Of all the data plotted in Fig. 39, only one 
point does not follow this trend. For an interdiffusion 
distance of 6.83 /xm it was found that the grain structure was 
nonuniform and therefore deconvolution by the reference wave 
used does not eliminate the microstructural effects. This 
sample experienced secondary recrystallization with the 
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resulting grain structure being shown in Fig. 51. The 
resulting structure was a two phase structure with the phases 
consisting of structures with differing grain sizes. 
Therefore, the anomaly of this point is not a surprise as 
there is no way to know if the reference wave contains the 
same microstructural information as the bond line echoes. 
So far no success has been achieved in combining the 
different effects contributing to a frequency dependent 
normalized reflected energy, nor has there been any success in 
stating which effect is dominant. Only qualitative trends can 
be given at the present time. More work is clearly needed 
(see appendix B). 
The Cu-Ni system investigated did not suffer as large of 
a noise problem as was evident in the Cu-Cu diffusion bonds 
discussed earlier (21) and shown in Fig. 48. This arises from 
the fact that an impedance mismatch raises the bond line echo 
above the noise present in the system (see Fig. 3). 
Therefore, easier differentiation occurred for the Cu-Ni 
diffusion bonds interrogated. 
3. Summary 
As can be seen by the above work, differentiation of 
diffusion bonds is very sensitive to the technique used. Only 
when the full frequency spectrum of a reflected acoustic wave 
is incorporated can the bond quality be judged as to its load 
bearing capability. 
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Fig. 51. Photomicrograph of sample no. 9 showing the nature 
of the secondary recrystallization occurring in the 
sample 
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CONCLUSIONS 
Based on a single adjusting parameter, modelling of the 
kinetics of diffusion bonding based only on a power-law 
creep model predicts that out of a set of nine, three 
samples should be fully bonded for the Cu-Ni bonds 
produced. Tensile results verified this prediction. Due 
to the complicated nature of the bonding process, this 
model failed to predict proper trends for the large grained 
samples. 
The absence of large scale voids at the bond line of the 
Cu-Ni samples produced in this study is explained by an 
enhanced surface diffusion phenomena of Cu on a Ni 
substrate. 
The diffusion bond strengths achieved by bonding dissimilar 
materials was found to correlate with the average 
interdiffusion distance. As the interdiffusion distance 
increases, the defects present at the bond line were 
eliminated. 
The change in the interdiffusion distance due to changes in 
the grain size and to bonding pressure can be qualitatively 
explained by a change in the effective diffusion 
coefficient (Dg^p) . 
The inability of a single frequency reflection coefficient 
measurement to differentiate the various diffusion bonds 
studied is due to large error bars and an absence of voids. 
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The ability of a normalized energy analysis to 
differentiate the various diffusion bonds studied is due to 
the fact that the entire reflection coefficient spectrum as 
a function of frequency is used in the analysis which 
results in smaller error bars that allow differentiation to 
occur. For the diffusion bonds studied, this analysis 
takes advantage of the "resonance" and the "roughness" 
effect of the interdiffusion zone on the reflection 
coefficient. 
128 
SUGGESTIONS FOR FUTURE WORK 
Diffusion barriers placed between two species where a 
detrimental reaction may occur is an important topic (52). 
The geometry of these barriers is very similar to the 
interdiffusion zone studied in this project. The barriers 
are usually on the order of 50 ffm. Therefore, the total 
energy analysis could be sensitive enough to monitor the 
degradation of this barrier in service. 
Brazing operations leave a thin layer of the braze metal at 
the joining line. The thickness of this controls the 
mechanical properties (53) and is an important quantity 
that must be known. The total energy analysis could be 
used to determine this. 
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APPENDIX A: ULTRASONIC OBLIQUE RESULTS 
It has been shown by various investigators that the 
amount of interdiffusion across the bond line ultimately 
controls the resulting strength of the final product (1,2). 
There is a need to nondestructively characterize this 
interdiffusion zone so that prediction of the bond strength 
can be made. 
One possibility to measure the interdiffusion distance is 
to take advantage of a "resonance" effect within the 
interdiffusion layer. This can be done if the Cu-Ni diffusion 
bond is modelled as a three layered structure of Cu against Ni 
with a 50 at% Cu/50 at% Ni alloy sandwiched in between. This 
alloy would have a thickness equal to the interdiffusion zone 
thickness. (This thickness is usually on the order of 
microns.) The reflection coefficient for such a structure is 
well known and is given by (3) 
(1--^) ^cos^ ( 
•^3 
2*fd)+( A-
^3 
-^) ^sin^ ( 
•^2 
2%fd 
(1+ -^) ^cos^ ( 
^3 
2*49)+( 
^2 ^3 
-^)2sin2( 
^2 
2%fd V2 
where Z, is the impedance of the Cu, Zj is the impedance of 
the alloy, Zj is the impedance of the Ni, d is the thickness 
of the interdiffusion zone (here replaced by the alloy), f is 
the frequency and Vg is the ultrasonic longitudinal wave 
velocity in the alloy. The results of this models predictions 
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are shown in Fig. Al. As can be seen from this figure, very 
small changes are occurring that will be difficult to detect 
considering the large error bars reported in the literature 
for reflection coefficient values (4,5). Yet, if a large 
enough interdiffusion zone were to be present, one can easily 
imagine that the measured reflection coefficient data as a 
function of frequency could be used to predict the actual 
interdiffusion distance and hence be able to state something 
about the resulting strength of the sample. 
This model assumes that the interdiffusion zone thickness 
has nice parallel faces. This has been shown not to be the 
case due to the nonuniform nature of the diffusion process 
(6). This gives rise to a "roughness" modified reflection 
coefficient (7). Coupling these two terms is an ongoing area 
of research. 
As has been shown in Fig. Al, the "resonance" effect is 
almost negligible for the interdiffusion distances of interest 
when interrogated at normal incidence. The possibility exists 
that by looking at the interface at an angle from normal 
incidence (oblique), one could imagine that the interdiffusion 
distance might "appear" to be larger. This is shown in both a 
micro and macro view of the bond line in Fig. A2. As can be 
seen, by tilting the transducer, the bond line can be 
interrogated at various angles. A greater detailed 
experimental and theoretical explanation of this measurement 
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is given by Margetan, Thompson and Gray (8). 
The reflection coefficient for this three layered 
structure for various angles is given by (9) 
where 
and 
with 
where p. is the density for a given layer, V. is the velocity 
for a given layer, j is the complex number, d is the thickness 
of the interdiffusion zone (here modelled as the alloy) and kg 
is the wave number of the alloy. A comparison of the oblique 
and normal incidence work is shown in Fig. A3. From this work 
it is apparent that oblique interrogation of the bond line 
does make the interdiffusion zone appear larger than that of 
the normal incidence work. The results of this equation for 
various interdiffusion thicknesses are shown in Fig. A4. This 
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that thick interdiffusion zones are necessary to differentiate 
between various possible samples. 
This effect of making the interdiffusion zone "appear" 
larger would also be extended to the roughness of the 
interdiffusion of the sample. This double effect might make 
it possible to differentiate samples with thinner thicknesses 
than that shown in Fig. A4. 
Experiments have been performed on samples with a 
relatively thin and thick interdiffusion region (0.92 /tm and 
6.83 fim, respectively). The results are shown in Fig. A5. 
The samples differentiate in the expected manner. 
With further metallurgical analysis of the bulk 
microstructure of these two samples, the sample that showed a 
relatively thick interdiffusion region also showed a two phase 
microstructure. This microstructure resulted from secondary 
recrystallization occurring at several spots within the 
sample. This structure now makes any measurement made on the 
structure suspect as a reference wave was needed and there is 
no guarantee that the reference wave contains the appropriate 
information to deconvolve out the microstructural effects. 
Attempts at reproducing these results using another set 
of samples has not occurred. Further work is needed. 
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APPENDIX B: ULTRASONICS AND MICROSTRUCTURE 
It has been pointed out in the main body of text that there 
is no adequate theory to combine the effects of interdiffusion 
and the resulting roughness due to the nonuniform nature of the 
interdiffusion zone on the ultrasonic wave. It is proposed here 
that a layered view of the microstructure of the bond line would 
be a good starting point for such analysis (a sandwich structure 
like that in appendix A). Other investigators have used this 
approach in working with this type of model (1) . This is not 
meant to be a complete analysis by any means. 
If one views the resulting diffusion bond as a three 
layered structure comprised of Cu against Ni with a 50 at% Cu/50 
•at% Ni alloy sandwiched in between, the reflection coefficient 
can be assumed to be the addition of two reflections. The first 
from the Cu-alloy interface and the second from the wave 
travelling through the alloy and reflected back from the Ni. In 
the absence of any roughness for the interdiffusion zone, the 
reflection coefficient is given by 
JJ = (Bi) 
where is the reflection coefficient from the Cu to the alloy, 
T^2 is the transmission coefficient from the Cu to the alloy, Tj^ 
is the transmission coefficient from the alloy to the Cu, Rgj is 
the reflection coefficient from the alloy to the Ni, j is the 
complex number, kg is the wave vector in the alloy and 1 is the 
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interdiffusion distance. The comparison of this theory to an 
exact three layer solution (2) is shown in Fig. B1 which shows 
that good agreement occurred. 
The roughness modified reflection and transmission 
coefficients are given by the following relations (3) 
where RQ and Tg are the coefficients to be modified with h being 
the rms roughness value of the interface and k the appropriate 
wave vector. This modification to theory is shown in Fig. B2 
which shows that the reflection coefficient will drop off faster 
when the two theories are combined as expected. 
R = R g ^RUFF -^0 ^  (B2) 
and 
RUFF 
(B3) 
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